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Terpenoids are present in nature in a large diversity of both linear and cyclic forms. The 58 formation of the ring structure of cyclic terpenoids from diphosphate-activated linear 59 precursors is catalyzed by terpene cyclases (terpene synthases) that are specific either for 60 geranyldiphosphate (C 10 , monoterpene cyclases), farnesyldiphosphate (C 15 , sesquiterpene 61 cylases) or geranyl-geranyldiphosphate (C 20 , diterpene cyclases). Activation by 62 diphosphate is essential for all cyclization reactions catalyzed by class I terpene cyclases. 63
In all currently known diphosphate-dependent cyclizations the reaction requires a Lewis 64 acid (Mg 2+ )-catalyzed ionization of the diphosphate ester of the respective precursor. After 65 isomerisation and subsequent elimination of the diphosphate group a primary carbocation 66 is generated which subsequently attacks a nearby double bond leading to the formation of 67 the more stable carbenium ion (R 3 C Cyclic triterpenes, such as hopanoids in bacteria or sterols in eukaryotes, arise from 70 the non-activated linear precursors squalene (C 30 ) or 2,3-oxidosqualene. The 71 polycyclization reaction is catalyzed by squalene-hopene cyclases (SHCs), lanosterol 72 synthases or oxidosqualene-cyclases, respectively (21)(25). The cyclization reaction of 73 squalene involves the concerted formation of (i) five ring structures, (ii) thirteen carbon-74 carbon bonds and (iii) nine stereo centers rendering it one of the most complex single-step 75 reactions known in biochemistry. Remarkably, triterpene cyclases do not require a 76 phosphorylated or otherwise activated precursor molecule. Instead, SHCs employ a 77
Brønsted acid driven catalysis mechanism for the polycyclization cascade (10). An 78 aspartate of the DxDD motif that is strictly conserved in SHCs represents the protonating 79
Brønsted acid. For a recent review on SHCs see (28). SHCs are specific for triterpenes 80 and, to our knowledge no SHC or any other biocatalyst has been described so far that is 81 able to catalyze a cyclization reaction of a non-activated monoterpenoid. There is, 82 however, ample precedence for chemo-catalytic cyclization of non-activated 83
monoterpenoids (19)(35). 84
The selective synthesis of cyclic monoterpenoids such as isopulegol (2-isopropenyl-85
5-methyl-cyclohexanol) as an intermediate for menthol (5-methyl-2-(propan-2-yl)-86
cyclohexan-1-ol) synthesis from cheap and readily available precursors such as citral (3,7-87 dimethyl-octa-2,6-dienal) is of considerable biotechnological interest. Key steps of this 88 route are the enantioselective reduction of citral to (R)-citronellal (3,7-dimethyl-oct-6-enal) 89
and subsequent cyclization to isopulegol. With enzymes like the so called old yellow 90
enzymes (e. g., OYE 2, (16)) the conversion of citral to citronellal has already been 91 achieved and ee-values >99 % and product concentrations of 50 g/L have been 92 demonstrated (9)(15). Unfortunately, the strict dependence of class I terpene synthases on 93 phosphorylated precursors for the subsequent cyclization reaction limits the technical 94 applicability of this group of enzymes. We are therefore interested in the identification of 95 biocatalysts with the ability to cyclize linear non-activated monoterpenes. The cyclization of 96 citronellal to isopulegol is thermodynamically possible and chemical procedures for 97 citronellal cyclization with inorganic catalysts are described in literature (19)(35)(3). Thus, it 98 is reasonable to assume that activation-independent monoterpene cyclases exist or can 99 be evolved from existing enzymes. Consequently, we decided to investigate the diversity 100 of currently known SHCs for their potential to catalyze cyclization of monoterpenoids and 101
we started with the SHC from Alicyclobacillus acidocaldarius (formerly Bacillus 102 acidocaldarius) (Shc Aac ) which is the so far best-studied triterpene cyclase: its structure 103 (3ml per g wet cells). The cyclization mixture contained 250µl cell suspension or 250µl 146 purified ZMO1548-Shc protein (0-2.6 mg/ml), 50µl of 1M citrate buffer (pH 4.5), 20mM 147 (final concentration) of substrate and water ad 500µl. In case that squalene was cyclized 148 1% (v/v) Triton-X100 was added. The reaction was terminated after 16h at 30°C by 149 extraction with heptane. The organic phase was analyzed by gas chromatography. This non-enzymatic activity was subtracted from all data obtained with bio-catalysts. 154
155
Gas chromatography. Terpenoids were assayed qualitatively and quantitatively by gas 156 chromatography using an Agilent 7890A GC apparatus equipped with a DB-5 column 157
(20m x 0.1mm x 0.1µm) and a flame ionization detector. Alternatively, a Shimadzu GC-MS 158 QP 2010 system with a FS Supreme 5 column (30m x 0.25mm x 0.25µm) was used for 159 coupled GC and MS analysis. 3µl of the solvent extract was applied to the column (split 160 ratio, 1:5, helium flow rate 0.25 or 0.5ml/min, injector temperature 250°C). For separation 161 of linear and cyclic monoterpenoids the initial oven temperature (60°C) was raised to 162 130°C with 40°C/min, with 2°C/min to 150°C and then with 40°C/min to 200°C. The 163 retention times of terpenoids (Fig 1A) were as follows: (R, S)-citronellal (7.55min), 164 isopulegol (7.70min), neo-isopulegol (7.90min), iso-isopulegol (8.10min), neoiso-165 isopulegol (8.25min), 1-decanol (internal standard, 9.91min). The sum of all isopulegol 166 isomers was calculated. For detection of triterpenes the injector temperature was 300°C. 167
The oven temperature was initially 60°C, raised to 220°C with 40°C/min and further 168 increased with 6°C/min to 310°C and kept constant for 10min. Squalene structure restraints for the modeling process were derived from PSIPRED v3.0 (2), and the 185 co-crystallized inhibitor 2-azasqualene was included in the modeling process. The very 186 slow refinement method for the loops was selected, and three models were constructed for 187 ZMO1548-Shc wild type and each variant. The models were compared using ProSA-web 188 
RESULTS AND DISCUSSION 212
The so far best studied SHC of A. acidocaldarius (Shc Aac ) was expressed in recombinant 213 E. coli and analyzed for its potential to cyclize other terpenoids than squalene. We were 214 able to confirm hopene-forming SHC activity from squalene by Shc Aac and also detected 215 ambroxane as cyclization product from homofarnesol. Homofarnesol cyclase activity was 216 extremely low in comparison to its activity on squalene. However, attempts to demonstrate 217 substantial cyclase activity with citronellal or related monoterpenoids failed (data not 218 shown). Apparantly, wild type Shc Aac has no detectable monoterpene cyclase activity. 219
Data mining of published genome sequences revealed that hundreds of potential 220
shc genes are annotated in databases. An exciting example comes from Zymomonas 221 mobilis: Interestingly, and in contrast to most genome-sequenced bacteria Z. mobilis has 222 two shc genes, namely ZMO0872 (AAF203881_2) and ZMO1548 (YP_163283.1). Hopene 223 forming activity of ZMO0872-Shc was already proven earlier (24) but the function of 224 ZMO1548-Shc has never been investigated. Furthermore, analysis of the cyclic triterpene 225 content of Z. mobilis revealed that this organism has unusual hopanoids in its hydrocarbon 226 fraction in addition to hopene (7). These observations suggest unusual properties of the 227 involved SHCs and prompted us to determine the activity of both Z. mobilis SHCs for 228 cyclization of short linear terpenoids as alternative substrates. For this, both Z. mobilis shc 229 genes were cloned, heterologously expressed in E. coli and terpene cyclase activities with 230 non-activated terpenoids were determined. A substantial amount of applied squalene was 231 converted to hopene by recombinant E. coli cells expressing ZMO1548-Shc or ZMO0872-232
Shc and confirmed the functional expression of both genes (Fig. 1B) . Remarkably, 233 formation of ambroxane from homofarnesol and isopulegol from citronellal was catalyzed 234 shown). Therefore, the ZMO1548 is the first biocatalyst showing monoterpene cyclase 243 activity with a not-activated substrate. 244
The cyclization reactions described above were successfully repeated with isolated 245 ZMO1548-Shc protein that was obtained from cell extracts by classic chromatographic 246 methods (Fig. 2) . The cyclization reaction did not require any supplements except enzyme, proximity to the molecule's reactive residues and determines the stereochemical course of 273 the cyclization. All attempts to obtain refracting crystalls from purified ZMO1548-Shc failed 274 so far. ZMO1548-Shc is related to Shc Aac (44%/54% amino acid overall identity/similarity). 275
The amino acids of the active site and substrate-binding pocket are almost identical in both 276 SHCs (Fig. 3) We concluded that this position is not essential for initiation of the cyclization reaction but 285 apparently is important for the continuation of the polycyclization reaction. Mutagenesis of 286 this residue therefore should have only little effects on cyclization of monoterpenoids. To 287 test this hypothesis, we constructed a F486Y and a F486A mutant, functionally expressed 288 wild type and both ZMO1548-Shc variants in E. coli, determined the cyclase activities with 289 squalene and citronellal, and compared these activities with the wild type enzyme. 290 Surprisingly, the activity with citronellal as a cyclization substrate was almost completely 291 abolished in cells expressing the F486Y variant of the enzyme but squalene cyclase 292 activity was increased by about 50% (Fig. 1B) . Moreover, citronellal cyclase activity of cells 293 expressing the F486A mutein was increased nearly threefold (12 mM isopulegol formed 294 from 20 mM substrate) compared to cells expressing the wild type enzyme while cyclase 295 activity with squalene was strongly reduced. These results confirmed the importance of 296 position 486 for squalene cyclase activity and demonstrated that a replacement of the 297 large aromatic ring by a smaller residue increases activity with citronellal. 298 299
Modeling of squalene and citronellal binding to the active site of ZMO1548-Shc 300
All three SHC variants of ZMO1548-Shc F486 (F486 wild type, F486Y and F486A) were 301 more or less effectively able to catalyze cyclization of squalene but strongly differed in their 302 citronellal cyclase activity. To investigate the molecular basis of the experimentally 303 determined differences in substrate specificity, homology models were generated for all 304 these SHC variants using the Shc Aac as template. The structures obtained were then used 305 isoprene units into the hopene ring structure was found for all three muteins (Figure 4a ) 309 which was similar to the conformation previously described for the Shc Aac complex with 2-310 azasqualene (31, 32). No spatial hindrance by any residues of the active site was 311 detectable and the squalene molecule was stabilized by multiple hydrophobic interactions 312 between the methyl groups of squalene and aromatic residues of the substrate binding 313 site: W222, W374, F428, and W555 in the inner part of the binding pocket near to the 314 protonating DxDD motif and F182, F503, F668, and F698 in the outer part of the binding 315 pocket (Fig 4a) . The docking score, which estimates the free energy of binding, was lower 316 for the more active F486Y variant (-5.1 kJ/mol) than for the wild type (-3.5 kJ/mol) and was 317 highest for the F486A mutant (-2.9 kJ/mol) (Tab. 1). This finding is in good agreement with 318 the observed differences in conversion activities towards squalene (F486Y > F486WT > 319 F486A) (Fig. 1B) . It has been proposed that the formation of the ring structure of hopene 320 The strong increase of squalene cyclase activity of the F486Y variant can be 334 explained by facilitated binding and stabilization of the bicyclic intermediate (Fig. 4a) . 335
Interestingly, the enzyme-bound bicyclic intermediate of squalene is 6 Å away from the 336 protonation site of the DxDD motif. This is in contrast to the experimentally determined 337 structure of the substrate analog 2-azasqualene or the modeled structure of squalene in its 338 ground state, where the distance was 3 Å. This finding suggests the following reaction 339 Only little differences were found between the ZMO1548-Shc F486 variants with 346 respect to citronellal binding to the substrate pocket. Similarly, the product isopulegol was 347 docked into the three variants with only little differences in the resulting poses. The 348 molecule was stabilized by hydrophobic interactions with W374, F428, W555, Y702, and a 349 hydrogen bond with Y702 or D437 in the inner part of the substrate binding site (Fig. 4b) . 350
The docking score for isopulegol slightly favored the F486A variant to the wild type and the 351 F486Y variant, which would be in agreement with the observed activities (Tab. 1, Fig. 1) . 352
In summary, the docking score upon binding of the substrate or of the product to the active 353 site do only partially explain the determined considerable differences in cyclase activity of 354 the three ZMO1548-Shc variants towards citronellal. However, citronellal poses were 355 found in more areas of the binding pocket leading to the initiation site for the more active 356 variants was the finding that the aldehyde group of citronellal was preferably placed near 369 the catalytic aspartate of the DxDD motif resulting in an reverse orientation of citronellal 370 relative to squalene (Fig. 4b) . Consequently, the carbonyl group is expected to represent 371 the target of the DxDD protonation site. The citronellal molecule was stabilized in the inner 372 part of the binding pocket by hydrophobic interactions with the residues W374, F428, 373 F/Y486, and W555, as well as a single hydrogen bond with Y705, and the ring structure of 374 on June 27, 2017 by guest http://aem.asm.org/ Downloaded from the product isopulegol was pre-formed. In contrast, attempts to model citronellal in the 375 same orientation as squalene, i. e. with the terminal C=C double bond oriented towards 376 the active site aspartate, did not result in poses with a pre-formed chair conformation of 377 the first isoprene unit (data not shown). These results were achieved for citronellal as 378 aldehyde as well as for its hydrated hemi-acetal form. As a consequence of our findings, 379 the citronellal carbonyl group and not the C=C double bond is orientated towards the 380 protonating DxDD motif. Thus, the reaction mechanisms of citronellal and squalene 381 cyclization must be different (Fig. 5) . The SHC-catalyzed cyclization of citronellal to 382 isopulegol is similar to the mechanism of chemical citronellal cyclization and to the Prins 383 cyclization (19)(30) where a carbonyl group reacts with the C=C double bond. The Lewis 384 acid for citronellal cyclization to isopulegol in chemical synthesis is provided by 385 heterogenous catalysts like nickel-sulfated zirconia and menthol is subsequently formed by 386 hydrogenation of the isopulegol (4). In the biocatalytic variant the enzyme's acidic 387 aspartate (Brønsted acid) delivers the proton to the carbonyl oxygen thus polarizing the 388 adjacent carbon (Fig. 5) . Consequently, this adds to the C=C bond forming the 389 cyclohexane ring and a carbocation at the exocyclic tertiary carbon atom. Elimination of a 390 proton from the neighboring methyl group forms isopulegol. To our knowledge, this is the 391 first example that an enzyme catalyzes the formation of a covalent bond in two different 392 substrate molecules by partially different mechanisms. 393
To find experimental support for our docking-based assumption that the citronellal 394 carbonyl group is the protonation target during citronellal cyclization and not the terminal 395 methyl groups/C=C double bond we constructed a W374H variant and determined cyclase 396 activity with squalene and citronellal. Our docking results suggest that W374 stabilizes 397 both terminal methyl groups of enzyme-docked squalene by hydrophobic interaction (Fig.  398   4a) . Obviously, W374 can not stabilize the carbonyl group of citronellal if citronellal binds 399 in opposite orientation to squalene because of the strong polarity of the carbonyl group. 400
Therefore, a mutation of residue W374 should effect cyclization of squalene but should 401 have no or only little effect on citronellal cyclization. Exactly this was the case when a 402 W374H mutant was constructed and assayed (Fig. 1B) : while squalene hopene cyclase 403 activity of the W374H mutant was abolished (<1% residual activity) the isopulegol forming 404 activity from citronellal was only little effected (16% reduced activity compared to wild 405 type). These results are in agreement with analog findings on cyclization activity of Shc Aac 406 muteins with squalene and oxidosqualene (27) . 407
CONCLUSIONS 410
In this contribution we identified the ZMO1548 shc gene product from Z. mobilis as 411 a novel type of terpene cyclase with unexpected substrate promiscuity. ZMO1548-Shc has 412 the unique property to cyclize substrates of different length (monoterpenes to triterpenes) 413 and to accept different molecule classes as substrates such as hydrocarbons (squalene), 414 alcohols (homofarnesol) and aldehydes (citronellal). Most remarkably, the cyclization of all 415 substrates including the monoterpenoid citronellal was independent of activation by 416 diphosphate in contrast to conventional monoterpene cyclases. To our knowledge 417 ZMO1548-Shc is the first biocatalyst with activation-independent monoterpenoid cyclase 418 activity described so far. The docking scores for (R)-citronellal and squalene are given for the first pose that is productively 
